Wind turbines are becoming a larger source of renewable energy in the United States. However, most of the designs are geared toward the weather conditions seen in Europe. Also, in the United States, manufacturers have been increasing the length of the turbine blades, often made of composite materials, to maximize power output. As a result of the more severe loading conditions in the United States and the material level flaws in composite structures, blade failure has been a more common occurrence in the U.S. than in Europe. Therefore, it is imperative that a structural health monitoring system be incorporated into the design of the wind turbines in order to monitor flaws before they lead to a catastrophic failure. Due to the rotation of the turbine and issues related to lightning strikes, the best way to implement a structural health monitoring system would be to use a network of wireless sensor nodes. In order to provide power to these sensor nodes, piezoelectric, thermoelectric and photovoltaic energy harvesting techniques are examined on a cross section of a CX-100 wind turbine blade in order to determine the feasibility of powering individual nodes that would compose the sensor network.
INTRODUCTION
Global climate change has sparked renewed interest in domestic and renewable energy sources in the United States for both economic and environmental reasons. In 2008, the U.S. wind energy industry brought online over 8,500 megawatts (MW) of new wind power capacity, increasing the nation's cumulative total by 50% to over 23,000 MW -accounting for 1.5% of the total energy produced -and pushing the U.S. above Germany as the country with the largest amount of installed wind power capacity.
1 Currently, the U.S. has approximately 15,000 -20,000 wind turbines in operation across 34 states. The largest wind farm in the U.S. is located in Taylor, Texas, where 421 wind turbines produce 735 MW of electric capacity. On average, wind farms cost $1 million per megawatt of installed capacity, and the annual maintenance cost for each wind turbine is approximately 1.5% -2% of the original cost.
2, 3 With the U.S. looking to expand wind energy to account for 20% of the total energy output by 2030, the ability to transition from time-based maintenance to condition-based maintenance could potentially cut maintenance costs by 50%, resulting in a cost savings of approximately $2 -3 billion dollars annually.
At present, turbine designs used in the U.S. follow European design criterion, which fail to meet the more severe loading conditions observed in the wind corridor of the Midwestern states. In addition, wind turbine blade lengths continue to grow (>50m) in an effort to capture more of the inbound wind energy. As such, unforeseen structural failures due to the complex loading along the length of the blade plague the industry. Also, in order to reduce the weight while still maintaining the necessary strength and stiffness characteristics, manufacturers use composite materials (e.g. fiberglass or carbon-fiber) to construct the blades (Figure 2 ). However, significant drawbacks exist from the manufacturing process as blades may possess material flaws such as voids in the epoxy, delamination, and surface wrinkles. Under sufficient loading these flaws grow and in some cases endanger the structural integrity of the blade and by extension the entire turbine as well. The Structural Health Monitoring (SHM) process presents a possible solution to this issue. During this process, sensors embedded in the structure of the blade at critical locations actively monitor the structure for damage. Refer to the report from the Energy Harvesting for Structural Health Monitoring Sensor Networks workshop held at Los Alamos National Laboratory for a brief introduction to the SHM process. 4 Wind turbine blades present multiple implementation challenges due to the overall design of the wind turbine. An SHM sensor network with wires running along the length of the blades increases the turbine's vulnerability to lightning as it would create multiple conductive paths in addition to the existing lightning protection system already embedded in the blade. Therefore, any sensor network embedded in the blades must rely on wireless technology in order to extract data from the sensor nodes embedded within each blade. Also, the rotating hub of the wind turbine requires a decentralized active sensing and processing network with a hybrid design as detailed in Park et al. (2005) . Since the sensor nodes themselves will be dispersed along the length of the blade, and wired power is impractical due to lightning issues, a long-term power management system must be implemented, with energy harvesting serving as one possible solution to this problem.
This research focuses on the overall goal of reducing maintenance costs by investigating various energy harvesting methods on the wind turbine blade to power the wireless impedance sensor (WID 3.0), developed at Los Alamos National Laboratory. This sensor node is designed specifically to operate with different power sources, ranging from batteries to energy harvesting sources to wireless energy transmission methods. Under normal operation the WID cycles through several different operating modes, including a measurement cycle, a data transmission cycle and a sleep cycle. The power requirements for each state are presented in Table 1 . For energy harvesting sources the sensor node has an onboard power conditioning module that limits the power released to the system's onboard microcontroller to between 2.7V-3.5V, the stable operating range of the WID. 
Energy Harvesting Methods
Of the common energy harvesting methods, the three most common methods under investigation for their feasibility in powering the WID 3.0 sensor on a wind turbine blade are: ambient vibration harvesting with piezoelectric materials, thermal energy harvesting with thermoelectric materials, and solar energy harvesting with photovoltaic cells.
Vibration Energy Harvesting with Piezoelectric Materials
Piezoelectric materials belong to the family of ferroelectric materials whose molecular structure consists of electric dipoles. The piezoelectric effect states that when a mechanical strain is present in the material a potential difference is created across the dipoles. This behavior allows piezoelectric materials to be used as sensors or actuators as well as for energy harvesting purposes. For manufactured materials, the piezoelectric effect appears in the presence of a strong electric field while the material undergoes heating. 
